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Highlights

e In North America, tundra productivity for the 2019 growing season (the most recent data
available) rebounded strongly from the previous year, in tandem with record summer warmth
following the cold summer of 2018.

e Since 2016, greenness trends have diverged strongly by continent; peak summer greenness has
declined sharply in North America but has remained above the long-term mean in Eurasia.

e The long-term satellite record (1982-2019) indicates "greening" across most of the Arctic but
some regions exhibit "browning," underscoring the dynamic linkages that exist between tundra
ecosystems and other elements of a changing Arctic system.

The Arctic tundra biome occupies Earth's northernmost landmasses and forms a "wreath" of treeless
vegetation that encircles the Arctic Ocean. Arctic tundra ecosystems are strongly influenced by warming
air temperatures (Bjorkman et al. 2020), and thus have become a focal point of global environmental
change. One of the most conspicuous impacts of a warming Arctic climate and declining sea ice has been
an increase in the productivity, or "greenness" of tundra vegetation (Lawrence et al. 2008; Bhatt et al.
2010; see essays Surface Air Temperature and Sea Ice). Tundra greenness has been monitored by Earth-
observing satellites since the early 1980s and was identified as a key vital sign of the Arctic in the first
Arctic Report Card published in 2006 (Richter-Menge et al. 2006). Satellites continue to monitor tundra
greenness to the present day, although at the time of writing the record is only available through the
2019 growing season due to data processing requirements. Arctic greening has continued but
interannual variability in greenness has increased over the past decade and trends have not been
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uniform from place to place or from year to year (Bhatt et al. 2013; National Academies of Sciences,
Engineering and Medicine 2019; Myers-Smith et al. 2020). This interannual variability results from the
dynamic linkages that connect the vegetation, atmosphere, sea ice, permafrost, seasonal snow, soils,
disturbance processes, and wildlife of the Arctic (Duncan et al. 2020).

The combination of gradual and abrupt changes occurring in Arctic landscapes have consequences that
extend beyond other elements of the Arctic environment, to the global atmosphere and climate system
(Post et al. 2019). Changes in the species composition, height, and biomass of tundra vegetation impact
the biogeochemical cycling of carbon and nutrients in Arctic soils (Hewitt et al. 2019; Natali et al. 2019;
Turetsky et al. 2019; Hugelius et al. 2020), as well as the distribution of snow on the landscape, the
timing of spring snowmelt, and the exchange of energy between Earth's atmosphere and permafrost
(Wilcox et al. 2019; Griinberg et al. 2020). Permafrost thaw can dramatically affect vegetation, as well as
surface topography, geomorphology, and surface wetness (Farquharson et al. 2019; Turetsky et al.
2020), which can further amplify changes to wildlife habitats (Kwon et al. 2019; Andruko et al. 2020;
Skarin et al. 2020) and the availability of subsistence resources that are vital to the economy and food
security of Arctic peoples (Bronen et al. 2020; Herman-Mercer et al. 2020).

In late 1981, NOAA Earth-observing satellites began acquiring daily "snapshots" of global vegetation
productivity using the Advanced Very High Resolution Radiometer (AVHRR). This dataset has continued
through the 2019 Arctic growing season. Satellite observations of tundra productivity use a spectral
index termed the Normalized Difference Vegetation Index (NDVI), which is sensitive to the unique way
in which green vegetation reflects light in the Red and Near-Infrared wavelengths. NDVI values are
strongly correlated with the quantity of aboveground vegetation, or "greenness," of Arctic tundra
(Raynolds et al. 2012). The dataset reported here is the Global Inventory Modeling and Mapping Studies
3g V1.2 dataset (GIMMS-3g+), which is based upon corrected and calibrated AVHRR data. GIMMS-3g+
consists of a global composite of the maximum NDVI value observed every 15-16 days within 1/12° grid
cells, or "pixels" (Pinzon and Tucker 2014). We use two metrics based on GIMMS-3g+. MaxNDVI is the
peak NDVI value for the calendar year and corresponds to maximum aboveground live biomass during
the Arctic summer, typically recorded in late July or early August. TI-NDVI is the time-integrated NDVI,
calculated as the sum of all biweekly NDVI values >0.05 (i.e., collected during the growing season) and is
correlated with the total aboveground vegetation productivity over the summer. Average NDVI values
for North American tundra are lower than in Eurasia because a large proportion of the North American
Arctic lies in the very cold, dry High Arctic and a comparatively shorter period of time has been available
for soils development after Pleistocene glaciation in this region (Walker et al. 2005).

The GIMMS-3g+ record indicates both MaxNDVI and TI-NDVI have increased across most of the Arctic
over the last 38 years (1982-2019) (Figs. 1a,b). There is strong regional variability in trends, however,
with areas of strong greening on Alaska's North Slope, the Low Arctic of mainland Canada, and the
Chukotka Peninsula in far eastern Russia. Tundra greenness appears to be declining ("browning"),
however, in southwestern Alaska, the Canadian Arctic Archipelago, and northwestern Siberia. Regional
"hotspots" of trend are generally consistent between the two NDVI metrics, but the declines in TI-NDVI
tend to be more pronounced than for MaxNDVI.
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Fig. 1a. Magnitude of the overall trend in MaxNDVI (Maximum Normalized Difference Vegetation Index) for the
38-year period, 1982-2019.
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Fig. 1b. Magnitude of the overall trend in TI-NDVI (Time-integrated Normalized Difference Vegetation Index) for
the 38-year period, 1982-2019.

In 2019, the mean MaxNDVI value for the circumpolar Arctic declined 2% from the previous year (Fig.
2a), marking the third straight year of MaxNDVI decline after the record high value set in 2016. Over the
last 3 years, there have been striking contrasts in MaxNDV!I variability by continent. In the Eurasian
Arctic, the 2019 value was similar to the preceding four years, being 3% higher than the 1982-2019
mean. In the North American Arctic, however, the 2019 MaxNDVI value was the lowest in the record
since 1996 and was 2% below the long-term mean. In contrast to MaxNDVI, there was a 5% increase in
circumpolar mean TI-NDVI from the previous year (Fig. 2b). This increase was particularly strong in the
North American Arctic, where TI-NDVI rebounded after the unusually slow growing season of 2018
associated with relatively cold summer temperatures (Overland et al. 2018). The 2019 TI-NDVI marked
the third largest single-year increase (9%) in the entire record for North America. Nonetheless, the 2019
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TI-NDVI for the circumpolar region was 4% lower than the 1982-2019 mean, marking the second lowest
value since 1993.
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Fig. 2a. MaxNDVI (Maximum Normalized Difference Vegetation Index) during 1982-2019 for the North American
Arctic (bottom, in blue), Eurasian Arctic (top, in red), and the circumpolar Arctic (middle, in black).
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Fig. 2b. TI-NDVI (Time-integrated Normalized Difference Vegetation Index) during 1982-2019 for the North
American Arctic (bottom, in blue), Eurasian Arctic (top, in red), and the circumpolar Arctic (middle, in black).

The AVHRR sensors that record NDVI also record Land Surface Temperature (LST), a key control of
tundra productivity that provides context for understanding spatio-temporal patterns of tundra
greenness and phenology (Arndt et al. 2019; Park et al. 2019; Xu et al. 2019, 2020). A useful metric of
growing conditions is the Summer Warmth Index (SWI1), the sum of mean monthly LST values for months
with mean temperatures above freezing, expressed as °C-months. The 2019 growing season was the
warmest in the entire record for both continents; the mean SWI for the full circumpolar region (39.0°C-
months) broke the previous record (34.9°C-months in 2016; Overland et al. 2019). In the North
American Arctic, record warmth was especially noteworthy because summer temperatures averaged
well below normal in the previous year. Interestingly, the record warmth in the North American Arctic
was not accompanied by strong increases in MaxNDVI in 2019, possibly due to lag effects arising from
cold conditions a year earlier.

Greening dominates trends in Arctic NDVI since 1982. Many site-specific studies have detected an
associated increase in the abundance of taller plants, particularly tundra shrubs (Bjorkman et al. 2018;
Andreu-Hayles et al. 2020, Shevtsova et al. 2020; Thomas et al. 2020). However, greening is not
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happening everywhere. Over the past 15 years, browning—a reduction in plant biomass that can occur
as a trend over decadal timescales, or as an abrupt, extreme event within a year—has emerged as an
increasingly important phenomenon (Phoenix and Bjerke 2016) that is now contributing to greater
complexity of Arctic vegetation trends (Myers-Smith et al. 2020). Browning trends can arise from
reduced summer warmth or prolonged winter snow cover that reduce productivity (Bieniek et al. 2015;
Cao et al. 2020). Episodic events can also cause die-back or removal of vegetation, including wildfire
(Rocha and Shaver 2011; Frost et al. 2020; see essay Wildland Fire), permafrost thaw (Turetsky et al.
2020; Verdonen et al. 2020), abrupt temperature changes or extreme weather events (Bokhorst et al.
2009), and herbivore and pest outbreaks (Lund et al. 2017; Prendin et al. 2020). Severe event-driven
browning led to major reductions in ecosystem CO, fluxes in the European Arctic (Treharne et al. 2020).
While Arctic warming is likely to continue to drive greening, drivers of browning are also increasing in
frequency (Hu et al. 2015; Vikhamar-Schuler et al. 2016; Wu et al. 2020), highlighting the emergence of
increased variability as a component of Arctic climate change.

GIMMS-3g+ is a legacy dataset that provides by far the longest continuous record for the entire Arctic of
any spaceborne record. However, MaxNDVI datasets compiled from more recent satellites with higher
spatial resolution can be used to corroborate the GIMMS-3g+ record and provide context for
understanding what the NDVI changes represent on the ground. Estimates of the proportion of
statistically significant NDVI trends vary with 42% greening and 3% browning during 1982-2014 in
GIMMS-3g+ (Park et al. 2016), to 20% greening and 4% browning during 2000-2016 in 30 m resolution
Landsat data (Berner et al. 2020), and 13% greening and 1% browning during 2000-2018 for 250 m
resolution Moderate Resolution Imaging Spectroradiometer (MODIS) data (Myers-Smith et al. 2020).
The different spatial resolutions and durations of satellite time-series make direct comparisons difficult,
but the picture that emerges from spaceborne datasets is that of an overall greener Arctic (Beamish et
al. 2020; Myers-Smith et al. 2020). A rapidly growing area of Arctic greening research is the
incorporation of new types of high-resolution data collection to bridge scale gaps between satellite
observations and ground-based ecological monitoring (Cunliffe et al. 2020; Siewert and Olofsson 2020;
Yang et al. 2020; Assmann et al. 2020). Airborne and drone data collection campaigns in recent years are
also shedding new light on Arctic greening (Miller et al. 2019). Continued monitoring of Arctic
landscapes from space and field studies improves our understanding of Arctic environmental change
and its implications in Earth's northernmost lands and beyond.
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